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OF BOUNDARY LAYER COOLING ON TRANSITION 

Prepared byt 

M.  C. Lyons, Jr. and Noxuian W. Shtetz( Jr. 

ABSTRACT: Free flight test» have been conducted in the NOL 
Pressurized Ballistics Range No. 3 for the purpose of inves- 
tigating boundary layer transition under the conditions of 
extreme boundary layer cooling. The tests were conducted on 
smooth, sharp-nosed, slender cones. The tests were conducted 
at a nominal Mach number of 3 and a free stream unit Reynolds 
number per foot of 11.8 x 10°. The ratio of wall to adiabatic 
recovery temperature varied between 0.22 and 0.27. The results 
of the tests agreed very closely with results from wind tunnel 
tests conducted at similar conditions. These free flight tests 
seem to substantiate earlier results which indicate a destabil- 
izing trend for laminar boundary layers subjected to extreme 
cooling. 
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BOUNTAF..   LAYER COOLING ON TRANSITION 

This report presents the results of free  flight tests con- 
ducted in a ballistics range at the Naval Ordnance Laboratory 
tu determine  the effect of extreme boundary layer cooling on 
transition.     The results from these tests  are compared with 
results from wind-tunnel  tests conducted at comparable condi- 
tions.    The results are also compared with presently available 
boundary layer stability theories. 
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FREE  FLIGHT  EXPERIMENTAL  INVESTIGATIONS OF THE EFFECT OF 
BOUNDARY  LAYER COOLING ON TRANSITION 

INTRODUCflON 

i.     The  importance of accurately predicting boundary layer 
rransition  is  illustrated by  the large amount of «ffort 
expended  in   the   study of  this  phenomenoo.     The apparent 
large  number of  parameters which  significantly affect transi- 
tion incieases  the difficulty encountered in either a system- 
atic  theoretical or experimental  study of  transition.    Among 
the many parameters  to be considered is  the rate heat is 
transferred  from the boundary  layer to the body or vice versa. 
A theoretical  study reported  by Van Driest  (reference  (a)) 
indicates  that  a stabilizing effect on  the boundary layer 
results with increased heat transfer from the boundary layer 
to  the  body.     It was further determined  in reference  (a)   and 
also  indicated  in reference  (b)   that at certain Mach numbers, 
the  l.iminar boundary layer can be completely stabilized by 
the presence of  an appropriate  amount of cooling of  the 
boundary layer regardless of the Reynolds number. 

2.     A large  amount of experimental evidence exists which 
substantiates this  stabilizing effect for moderate rates of 
cooling  (see references  (c),   Cd),   (e),  and  (f)).    More 
current experimental investigations of  the effect of extreme 
cooling on boundary  layer transition have revealed a reversal 
in  thi movement of the location of  transition for decreasing 
value» of the ratios of wall  to adiabatic recovery tempera- 
ture  (references (g)   and  (h)).     Experimental data from refer- 
ence  (h)   indicate that for moderate cooling,  the transition 
Reynolds number increased with decreasing values of the ratio 
of wall  to adiabatic recovery temperature down to a value of 
Tw/Tr of approximately 0.52.     Further decreases in this tem- 
perature ratio resulted in a large decrease in transition 
Reynolds number.    The small values of Tw/Tr that were obtained 
in the tests described in reference  (h)  were accomplished by 
cooling the  surface cf the model to very low temperatures 
(approximately -3400F).    As a result of these very low wall 
temperatures,  air components  such as oxygen,  carbon dioxide, 
and water vapor could condense on the cold surface and thereby 
generate a surface roughness.     Whether the presence of this 
condensation film produces sufficient surface roughness to 
cause the transition reversal effect or not is questionable. 
It is,  however,   an undesirable condition to exist during a 
transition study. 
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3. The present program consisted of launching 10-degree 
total angle, sharp-nosed cones in the NOL Pressurized 
Ballistics Range No. 3.  The ambient temperature in a 
portion of the range was varied so that different adiabatic 
recovery temperatures could be obtained at a constant, 
nominal Mach number of 3.1.  The location of transition on 
the models was obtained during flight from spark shadowgraph 
photographs for temperature ratios, Tw/Tr, between 0.22 and 
0.27.  The surface temperature of the models varied only 
slightly from room temperature (5340R) during the tests. 
Using this technique of increasing the recovery temperature 
rather than decreasing the wall temperature to obtain the 
condition of "extreme cooling" (temperature ratios, Tw/Tr, 
comparable to those obtained in reference (h)) alleviated the 
possibility of a condensate film forming on the models and 
therefore preserved a very smooth testing surface. The present 
experimental program paralled very nearly the tests reported in 
reference (h) (approximately the same free stream Mach number, 
free stream Reynolds number per foot, external model geometry, 
and temperature ratios Tw/Tr).  By eliminating or at least 
reducing factors such as surface roughness and free stream 
turbulence, it was considered that boundary layer transition 
measuremen i would be more significant, especially in attempt- 
ing to determine the parameters which contribute to the 
transition reversal phenomena. 

DESCRIPTION OF EXPERIMENTS 

NOL Pressurized Ballistics Range No. 3 

4. The transition tests being reported were conducted in 
the NOL Pressurized Ballistics Range No. 3 (reference (i)). 
This range consists of an enclosed steel tube, three feet in 
diameter and three hundred feet long.  A gun is mounted at 
one end of the tube and the model is normally caught in a sand 
butt at the other end.  Figure 1 is a photograph of the 
Pressurized Ballistics Range No. 3. 

b.    The test unit Reynolds number within the range can be 
controlled through a variation in the range pressure. This 
is accomplished by pumps connected to the range. These pumps 
permit pressurization up to about 6 atmospheres or evacuation 
down to 1/100 atmosphere. The air temperature in both the 
range and the room housing the range is normally maintained 
at 74 + 1 degrees Fahrenheit. 

6. Although a variety of sizes and types of guns are avail- 
able for use with the Pressurized Ballistics Range No. 3, a 
40-mm powder-charged, smooth bore gun was used for these tests. 
This gun had previously exhibited a high degree of reliability 
and permitted a Mach number of 3 to be attained with the size 
models used in these tests. 



NOLTR 61-83 

7. Ihe Pressurized Ballistics Rang« No. 3 is equipped «with 
twenty-five spark-shadowgraph stations.  Spark shadowgraphs 
of the models were made at each of the stations during a 
flight although, as will be discussed in detail later in 
this report, only four stations were used to obtain the data 
that is being presented. The location of transition was 
determined by a visual inspection of each of the shadowgraph 
plates. 

Heating Box 

8. To obtain  the desired small  values of Tw/Tr for the 
model  flights at a Mach number of 3,   a steel box was con- 
structed which could be placed in the range.     The air within 
this box  could be heated up to approximately 900oR.    Heating 
the  air  through which the models  flew during  the portion of 
their flight within the box allowed  the necessary recovery 
temperatures to be attained at the  test Mach number of 
approximately 3. 

9. Baffle plates which are located  in the Pressurized 
Ballistics Range No.  3 between spark-shadowgraph stations 
have openings in  them approximately  thirteen inches square 
through which the models must pass during their flight 
down the  range.     The  size of these openings in the baffle 
plates required that the cross-sectional  area of the heating 
box be limited  to one square foot.     It was decided to obtain 
transition data  from the models while  flying in the heated 
air at four consecutive spark shadowgraph stations.    To 
accomplish this,  it was necessary to construct a box twenty- 
two feet long.     Since instrumentation associated with the 
spark  shadowgraph stations was external  to the box, windows 
were required  so that the model could be viewed while flying 
through the box by the photographic  equipment.    Sixteen 1/4- 
ineh plate glass windows were located in the box to correspond 
with the  location of  the four data  stations.     The box was 
fabricated froui 1/16-inch steel and was thermally insulated by 
a 1/4-inch layer of asbestos composition on the inside and by 
a one-inch layer of asbestos composition with an aluminum foil 
covering on the outside.    To facilitate heating and retaining 
air captured within the box, quick opening doors were installed 
at each end of  the box.    The ends of  the box could be opened 
by dropping these doors vertically downward.    The doors could 
be released remotely outside the range by solenoid operated 
latch mechanisms.     A sketch of the heating box  installed in 
the range  is presented in Figure 2. 
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10. The air within the box was heated by means of General 
Electxic "Calrod" tubular heaters.  Two heating rods extended 
the length of the box in each of the four corners of the box. 
This arrangement of heaters was chosen so that sufficient neat 
could be supplied to the air and so that an even distribution 
of air temperaluxe *ithln the box could be attained.  Also, to 
obtain an even temperature distribution of the air throughout 
the interior of the box, and also to create a method for 
obtaining and controlling the required air temperature within 
the box, the "^alrod" heaters were divided into four equal 
sections down the length of the box.  The power supplied to 
«ach of these sections was individually controlled by means of 
a transformer.  This allowed a variation in the power supplied 
to each section.  These transformers, in conjunction with a 
220-volt AC power supply fused for 60 amperes, provided a con- 
tinuously variable voltage from 0 to 270 volts which could be 
applied across each heater section. 

11. The temperature of the air within the box was measured 
during a test by twelve thermocouples, six along the top nf 
the box and six along the bottom of the box.  The location 
of these thermocouples is illustrated in Figure 2.  It was 
found that by proper adjustment of the transformers, the tem- 
perature variation along the length of the box could be main- 
tained constant within approximately +2 degrees.  To deter- 
mine the temperature distribution throughout the cross-section 
of the box, a thermocouple probe was designed for surveying 
the air temperature along a vertical plane in the center of 
the box.  Several surveys were made during bench tests of the 
box prior to installation in the ballistics range.  This sur- 
vey, which was conducted at various positions along the length 
of the box, revealed that a temperature variation of approxi- 
mately 10 degrees existed in a layer extending about one inch 
from the walls. Other than this thin thermal layer on the 
walls, the temperature distribution a.ong this vertical line 
at any survey station was constant to within one degree. 

Models and Jabots 

12. Although two different types of models were used in these 
tests, for the purpose of analyzing the data, they could be 
considered identical.  Both types of models consisted of 10- 
degree total angle, sharp-nosed cones.  The bate diameter of 
both models was 1.20 inches. The difference in the two models 
existed in a !£-inch cylindrical extension to the base of the 
cone which appears on models which will be referred to as Type 
A and which is absent on models referred to as Type B. Sketches 
of these models are presented in Figure 3. The models were 
holiow in the aft end to provide a center of gravity as far 
forward as possible. This provided a model with a sutficiently 
large static margin to produce a reliable flight trajectory. 



NOLTR 61-83 

13. Ih« modelt w«r« fabricattd from Graph-Mo tool statl and 
hardanad to a Rockwall C of approxlmataly 35.  To obtain a 
sharp tip and a vary smooth surfaca finish, tha final 
manufacturing procass was grinding.  Previous axperianca in 
conducting transition programs in tha ballistics rang« at 
NOL (rafaranca (J)) indicated that a mors uniform aurfaca 
finish could ba obtained by simply grinding Graph-Mo steel 
rather than by polishing.  Further, it is very difficult to 
maintain a atraight surfaca free from waves when polishing 
is attamptad.  By grinding, a surface finish was obtained on 
the modal« which varied between 1.5 and 5.5 microinches root 
mean square with most of tha models having a surface rough- 
ness of approximately 3 microinches root mean square. The 
surfaca roughness maasuramants ware made using a Taylor- 
Hsbson "Talysurf" recorder. To determine if the surface 
roughness was uniform along the length of the cones, a model 
wis chosen at random and measurements were made at four 
positions along the length.  From these measurements, it was 
ditarmined that the roughnes*,did not vary significantly 
along tha length of the modal.- To facilitate subsequent 
surface roughness measurements and also to eliminate any sur- 
fe ce aberration resulting from the diamond measuring stylus 
of tha Talyaurf recorder, typical roughness measurements were 
made only at one position on the aft portion of the lateral 
surface of each model.  Typical surface roughness measure- 
ment records produced by the Talysurf recorder are presented 
in Figure 4.  To insure that the nose of each model that was 
tasted was straight and sharp, a 100 magnification photo- 
?raph was taken of the model nose prior to launching. To 
llustrate a typical model nose, one of these photographs 

is presented in Figure 5. 

14. The sabots which were used to position the models in 
the barrel of the gun during the launching process were fabri- 
cated from fine linen base phenolic.  Initial attempts were 
made to launch the models using a sabot which gripped the 
model over a very small area at the aft end of the model and 
did not touch any of the other surface of the model.  These 
attempts, however, were not successful since large angles of 
initial yaw occurred during these tests.  A different sabot 
was designed which gripped the model continuously from the 
base of the cone to a point 4.83 inches from the vertex of 
the cone.  Figure 6 is a photograph of a typical model and 
sabot of this latter described design.  It was found that by 
using a sabot designed as illustrated in Figure 6, reliable, 
low angle of yaw launchings could be obtained.  Althcigh it 
was initially assumed that the sabot touching the surface of 
the model would have negligible effect upon the roughness of 



MOL TR 61-83 

the surface, tests wore performed to obtain qualitative 
justification of this assumption. To perform these tests, 
a flat plate of Graph-Mo was fabricated with a ground sur- 
face equivalent in surface roughness to the transition 
models.  The surface roughness of this plate was measured 
and recorded using the Talysurf recorder. Following this 
iDeasurement, the plate was impacted and violently scraped 
with samples of the sabot material.  After this sever« 
treatment of the plate a second measurement of the surface 
roughness was made and recorded using the Talysurf recorder. 
As can be seen from the Talysurf records presented in 
Figure 7, no discernible surface effects could be detected 
due to these impact and abrasion tests. 

TEST PROCEDURE 

15. During the process of conducting the transition tests 
the following procedure was used. The end doors of the 
heating box were closed and secured by means of the solenoid 
operated latches. The heaters in the box were then energized 
and the confined air was heated to approximately the desired 
uniform temperature which had been previously selected for a 
particular launching.  Depending upon this desired tempera- 
ture« this heating process required up to two hours.  Mhcn 
the approximate desired air temperature was achieveo, the 
model and sabot were loaded into the gun and the range was 
closed and sealed. Vacuum pumps were then used to evacuate 
the range and obtain the desired range test pressure. The 
pressure selected for a test was that pressure which would 
result in a unit Reynolds number per foot within the heated 
box of approximately 11.3 million. This is near the Reynolds 
number per foot which existed during the tests reported In 
reference (h). Also, It has been determined that this 
Reynolds number per foot would permit the largest variation 
in the temperature ratio Tw/Tr while having transition occur 
on the model. After obtaining the desired range pressure, a 
final adjustment was made to the heater power so that the air 
temperature within the box was as uniform as possible anc1 aad 
the correct magnitude as Indicated by the twelve permanently 
installed thermocouples. After these final adjustments to 
the air temperature were made, the end doors of the heating 
box were opened approximately 5 seconds before launching the 
model in the range. 

DATA REDUCTION PROCEDURES 

16. The location of transition on the model was determined 
from spark shadowgraph photographs of the model during Its 
flight down the range.  The photographic plates consisted of 
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a film emalsion on a 14 by 17-inch glass plate. At each 
data station, photographs of the model were obtained in both 
the vertical and horizontal planes although only the vertical 
photographs provided sufficient detail of the flow field and 
the boundary layer to determine where the boundary layer was 
laminar and where it was turbulent. Depending upon the 
location of the model between the light source and the photo- 
graphic plate, the magnification of the model by the optical 
system can vary from 1 to 1.3 times its actual size.  The 
magnification of the model on each photographic plate was 
measured by comparing the size of the image to the true size 
of the model. The location of transition was measured from 
the nose of the image directly troui the glass photographic 
plate.  Ihis length was multiplied by the magnification 
factor for the plate to obtain the actual location of transi- 
tion on the model.  Three independent measurements were made 
for each plate and the location of transition was taken as 
the arithmetical mean of these measurements.  A typical spark 
shadowgraph photograph of a model flying in the range is 
presented in Figure 8. 

17. The velocity, Mach number, and angle of attack were 
obtained through a visual observation of the shadowgraph 
plates and a standard data reduction program described in 
reference (k). 

13. The recovery temperature of the air in the heated sec- 
tion of the range was obtained fron, the equation: 

Tr= TB(l + r^MB
2) (1) 

The recovery factor,  r,  was assumed to be 0.95 in the laminar 
region and 0.88 in the  turbulent region.    These values  agree 
with experimental  values obtained in wind-tunnel experiments 
on 10° cones at Mach numbers of approximately 3 described in 
references  (1),   (m),  and  (n). 

19. The surface temperature of the cone was calculated with 
the aid of an 1BM-704 computer.     The results of a  typical 
calculation are shown in Figure 9.    The method of calculation 
is presented in Appendix A. 

20. The Reynolds number based upon distance from the nose of 
the model  to the  location of transition was chosen as  a parame- 
ter to indicate the degree of stability of the boundary layer. 
Both free stream and local  transition Reynolds numbers 
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seta  calculated.  The free stream Reynolds number beted on 
length of laminar flow is: 

-    ,  .- Pu UR xtr 
ketrlB -        yUB (2) 

Upon introducing Sutherland's viscosity law and the equation 
of state for a perfect gas, the above may be rewritten as: 

Rc)rlB = A^M^|TB+Cl (3) 
B 

PQ was measured by pressure gages attached to the Pressurized 
Bdliistics Range No. 3.  The velocity was determined at each 
data station by measuring the time required for the model to 
travel from one data station to another.  Thermocouples wire 
placed at the top and bottom of the heating box, directly 
before and after each data station within the heated section 
of the range, to measure the free stream ambient temperature 
at the station, Xtr was obtained from observation of the 
shadowgraph pictures of the model in flight. 

21. The local Reynolds number based on the length of laminar 
flow is: 

p    - &  Ug j<lL (4, 
efr e     Me ' 

After Sutherland's viscosity law and the equation of state 
for a perfect gas are introduced, equation (4) may be 
written as: 

Hefrie -A—Tl^l'e + ^l (5) 

The local properties that appear in equation (5) were calcu-- 
lated with the aid of tables of flow properties for yawed 
cones (reference (o)) and tables of isentropic flow (refer- 
ence (p)). X  was obtained from shadowgraph pictures. 

22. Reference (o) describes the flow field around a yawed 
cone as being constant along elements of the cone. However, 
since the model flew with yaw in both the vertical and hori- 
zontal planes in the general case, it was necessary to 
determine Just which elements of the cone were seen in the 
shadowgraph plates. 

23. In order to determine the flow conditions at the transi- 
tion point seen on the windward and leeward sides of the 
vertical shadowgraph, it was necessary to calculate the angu- 
lar displacement of these elements from the meridian plane. 
The flow conditions can then be obtained along the conical 
element from the tables in reference (o). 

8 
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DISCUSSION OF RESULTS 

24. An objective of this program was to eliminate some of 
the undesirable conditions which were inherent in the experi- 
mental techniques employed in previous tests in which the 
transition reversal phenomenon was observed.  Two of these 
conditions, which hawe an undetermined effect on the location 
of transition, are free stream turbulence associated with wind 
tunnel tests, and an undesired surface roughness created by 
the condensation of air on very cool model walls.  The first 
cf theie condition« was eliminated by conducting the present 
tests in a ballistics range where the free stream turbulence 
is essentially zero.  The second condition was eliminated by 
creating a highly cooled boundary layer by increasing the 
recovery temperature of the air rather than by cooling the 
walls of the model and thereby eliminating any possibility of 
the formation of frost or condensate on the model surface. 

25. The data obtained during these tests are presented in 
Table I as transition Reynolds numbers based on both free 
stream conditions in the undisturbed air and local conditions 
Just outside of the boundary layer.  The length used in these 
Reynolds numbers was that distance measured along the surface 
of the cone between the vertex of the cone and the point where 
the boundary layer became turbulent and remained turbulent. 
In many instances it was noted that turbulent bursts appeared 
on the model.  These turbulent bursts were small regions of 
turbulent flow which would be followed by laminar flow.  The 
occurrence of turbulent bursts on a highly polished cone used 
in a series of ballistics range tests was reported by Witt 
(reference (J)).  The observance of turbulent bursts on a 
slender body of revolution (ogive-cylinder) also used in a 
series of ballistics range tests was reported by Jedlicko, ct. 
al., (reference (q)).  An analysis presented in reference (q) 
indicated that bursts could probably be a result of surface 
roughness, especially near the tip of the model.  Referring 
to Figure 5 it is •••n that there is a vezy slight aberration 
of the tip and upon reviewing the photographs of the tips of 
the other models used in this program there were no model 
tips found with a more severe aberration.  These tip imperfec- 
tions are negligible when compared to the size of imperfection 
considered by Jedlicko, et. al., (reference (q)), who presented 
a photograph of a model tip which had been bent off the model 
axis 0.003 inch. No indication was given, however, concerning 
the minimum size imperfection necessary to initiate a turbulent 
burst.  A spark shadowgraph photograph of a transition model 
on which turbulent bursts occur is presented in Figure 10. 
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26. It will be noted from the data presented in Table I 
that normally Information was obtained from only one or two 
stations for each shot.  In one instance (Shot No. 4050) data 
//ere obtained from three stations.  Mien spark shadowgraph 
photographs //ere taken .vhile the model was in the heating box, 
light from the sp^rk source passed through two plate glass 
windows in the box and therefore some attenuation of the 
light occurred. Photographs in the vertical plane are mad« 
in the Pressurized Ballistics Range No. 3 by exposing the 
plates directly *ith light from the spark source while photo- 
graphs in the horizontal plane are exposed by Indirect light. 
from the same spark source.  This light is redirected to 
expose the horizontal plates by means of a mirror.  Due to an 
attenuation of the light by this mirror, horizontal plates 
produce a consistently lower quality photograph than do the 
vertical plates.  It was the additional attenuation of light 
by the two horizontal plate glass windows that made it 
impoä^ible to obtain distinct pictures of the flow pattern 
over the cones in a horizontal plane and therefore transition 
data /vere obtained from vertical plates only.  Since the 
light to the vertical plates was also attenuated by the verti- 
cal windows, it was essential that each photographic plate be 
correctly exposed to produce a picture in which the flow field 
and boundarv layer were sufficiently distinct to allow the 
location of transition to be determined.  This was the pri- 
mary reason for not obtaining and presenting data for all of the 
stations within the box for every shot.  A few plates» were also 
lost from time to time due to malfunctioning of electronic 
equipment and associated instrumentation. 

27. It is impossible to maintain a specified angle of yaw of 
a model during its flight in a ballistics range test.  For the 
tests being reported, an extensive effort was made to design 
a model-sabot combination which would result in small ^-itia. 
ya/v angles and consequently the models would have a small 
angle of attack during its flight.  The data in this report 
were obtained from launchings that resulted in angles of yaw 
of the model while in the heating box of less than 4.5 degrees. 
In Table I the vertical (5y) and horizontal (5^) projection» 
of the angle of yaw lp<)  are presented for each data point. 
For small values of 5,, and 5H (5w andSH<5 degrees) the 

angle of yaw is given approximately byoc'^  = 5^2 + $^2, 

28. As a result of the motion of the cone models as they 
flew down the range the orientation of the meridian plane 
(that plane defined by the velocity vector of the center of 
gravity of the model and the longitudinal centerline of the 
model) continually changed.  This can easily be visualized by 

10 
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considering   the  yawing     motion  of  a   body  in  flight   in which 
this  motion  is not planar.     Since  the location of   transition 
was  obtained  from photographic  plates placed  vertically  in 
the  range,   the  two  rays  on   the   surface of  the  cone  on which 
transition  is  seen  continually  vary with  time  in  angular 
position with respect  to  the most windward ray in  the merid- 
ian  plane.     This   factor  accounts,   in part,   for  the   variation 
of  the  location of  transition on  the  apparent windward  and 
leeward   ray of a model   flying down  the  range  as  viewed   In 
the  spark  shadowgraph photographs,     oince  the  temperature 
ratio,   Iw/Tr,   remains  essentially  constant during  a   flight, 
there   results  some  large  variations   in  the location  of 
transition  for approximately  the   same  temperature  ratio. 
Some  of  the effect  of  angle  of yaw was minimized by expressing 
the  location of  transition   in  terms  of  a  transition  Reynolds 
number  base  on  local   flow properties  on  the yawed  cons   at  the 
point  of   transition  and   the   length of  the  laminar region 
measured   from the  vertex  of   the  cone.     The transition data 
obtained   from these   tests   are  presented   in rigure   11  as   the 
local   transition Reynolds  number plotted  as a   function of tne 
temperature  ratio,   Tw/fr,   at   transition.     The   solid   curves 
were   taken  from rigure  3  of  reference  (h),     These  solid  curves 
represent  experimental  data  obtained during wind-tunnel   tests 
over  a  range  of  boundary   layer  cooling  from moderate  to 
extreme  cooling.     Even  though   there   are  effects  of   angle  of 
yaw reflected  in the  scatter  of  the data obtained during  the 
free   flight  tests,   an  agreement  of  these data with  the data 
obtained  in  a wind  tunnel   and  reported  in reference   (h)   is 
obvious,     /although  there  is  a  slight  slope to the curve pre- 
sented   in  reference   (h),   the  scatter of  the free  flight data 
makes   it   impossible   to determine   a meaningful   curve   from  these 
data.     in  fact,   it would   appear  that   the  transition  Reynolds 
number  has  very  little dependency on  the  temperature  ratio at 
the  values of  Iw/Tr obtained during  the present  tests.     It  is 
apparent,   however,   that   the  free  flight data represented  by 
the points  in Figure  11  cannot  be  associated with  the upper 
curve  and  therefore  some destabilizing effects  appear to be 
present at  the conditions  of  extreme  cooling  that are not 
significant  for  the condition  of moderate cooling. 

29.     Since  the boundary  layer  tends  to become   thinner with 
increased  cooling,   the  ratio  of  roughness height,   h,   to 
boundary layer thickness,  6   ,   becomes larger with cooling. 

1 
In this report the yawing motion refers to the resultant 
angular motion of the model about vertical and horizontal 
transverse axes passing through the center of gravity of the 
model and not the angular motion about just one of the trans- 
verse axes as the term yaw often implies. 

11 
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This would   indicate  that  the  effect of  a particular  lizt 
roughness  element would become more pronounced with  increased 
cooling.     As was  stated  in paragraph  13,   the roughest model 
used   in  these   tests had  a centerline  average roughness of 
5.5 microinches rms.     An  investigation of all of the Talysurf 
roughness   traces  revealed  a  few discrete  roughness protubtr- 
ances   as   large  as   30 microinches.     Boundary layer character- 
istics were  computed  along  the  bodies of  the models  so  that 
a   comparison of  roughness height  and boundary layer  thickntss 
could  be made.     In Figure  12 the momentum thickness and  the 
displacement   thickness  for  a  typical   flight condition experi- 
enced  during  these  tests  are  plotted  as  a function of  th« 
distance  along   the  centerline of   the model.    A comparison of 
the   largest protuberance height,   k,   found on any of  tht models 
(30 microinches)   to  the boundary  layer displacement  thickness, 
8 *,   indicated  a  ratio of k/5    =   .015.     It has been established 

by  a  number of  investigators   (see  references   (r)   and  (s))   that 
the  critical   roughness height  required  to initiate  turbulence 
can be  expressed   in  terms of  a  critical  roughness Reynolds 
number which  is  approximately  constant  for all  speed ranges. 
This  critical Reynolds number  is  based on local conditions at 
the  top of  the roughness.    As  indicated in reference  (r),   for 
three-dimensional  roughness at  a Reynolds number less than its 
critical  value,   the roughness  introduces no disturbances of 
sufficient magnitude to influence  transition.    The Reynolds 
number based on conditions at  the  top of the roughness can be 
expressed  as: 

Rck=  APkUk^JKxlO 
4 

where P  is the pressure,  U is  the velocity,  T Is the tempera- 
ture,  k  is the height of the protuberance,  and A and C are 
constants.     The subscript,  k,   indicates thdt the quantities 
are  to be evaluated at the top of the protuberance.    Since it 
is  assumed thatdP/dy = 0  (where y is the direction normal 
to the surface)   then P^ = P    where the subscript e indicates 
local  condition Just outside of the boundary layer.    Further 
it can be  shown that 

Uk * Ue    and Tk * T#. 

If the local pressure and velocity and the wall temperature 
are substituted for the pressure, velocity, and temperature at 
the top of the roughness, respectively, then the resulting 

12 
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Reynolds number will be a maximum and Is expressed as 

%AX = APeUeTW^Ck 

w 

Values for Re     were computed for each data point assuming 

k = 30 microinches.  The maximum value computed was Re m x  ■ 84. 
Values for the critical roughness Reynolds numbers were 
obtained experimentally on a cooled 10° total angle cone and 
reported in reference (r).  These results indicated that the 
value for R„  . .  , =" 400.  It can be seen that values of e critical 
Re max< are well below the values of Re criticai reported in 

reference (r). 

30. It was decided to compare the data obtained from these 
free flight experiment» with one of the theories which predict 
th  limits of infinite stability of the boundary layer.  The 
theory reported by Van Driest (reference (b)) was used for 
this comparison. Although the region of infinite stability 
is often presented as a plot of the ratio of wall to local 
temperature Just outside the boundary layer versus local Mach 
number, in Figure 13, the region is presented as a plot of 
the ratio of wall to recovery temperature versus the local 
Mach number.  Since all of the data being presented were 
obtained at a constant Mach number and over a relatively 
small range of temperature ratios, they appear merely as a 
short vertical line in Figure 13.  It is interesting to note 
that although transition was occurring on the cone, the con- 
ditions at which the tests were being conducted indicated 
that the boundary layer was well within the theoretical 
region of infinite stability. 

CONCLUSION 

31. Tests have been conducted in a ballistics range which 
definitely support the occurrence of the phenomenon referred 
to as "transition reversal." These tests were conducted at 
conditions which parallel previously conducted wind-tunnel 
tests and the agreement between the data obtained during the 
wind-tunnel tests and the ballistics range tests was extremely 
good. 

32. An effort was made to minimize the effect of surface 
roughness as a possible cause of the reversal trend of the 

13 
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movement of transition with a variation of the ratio of 
wall to recovery temperature.  A stringent analysis of the 
data dnd the model and flight conditions at which the data 
were obtained indicated that it was extremely unlikely that 
physical surface roughness was the primary cause of the 
transition reversal phenomenon.  Although the angle of yaw 
of the models influenced the location of transition, it does 
not appear that this had a significant effect on the location 
of transition. 

33. The data obtained in this program and presented graphi- 
cally as the temperature ratio, Tw/Tr, versus transition 
Reynolds number indicate that the relatively large variation 
in transition Reynolds numbers may not be a result of the 
variation of the temperature ratio in the region of tempera- 
ture ratios investigated during this program. 

34. It appears that additional information will have to be 
obtained to conclusively determine the cause of this 
phenomenon. 

14 
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APPENDIX A 

Calculation of Surface Temperatur« Increase Due to 
Aerodynamic Heating 

1.  The temperature increase of the cone surface was calcu- 
lated as follows: 

a.  The cone was divided into sections as shown in 
Figure A-l.  The temperature and physical properties of the 
cone were considered constant within each section. 

b.  At t - 0, the temperature of the cone was assumed 
to be constant. 

c. The aerodynamic heating is estimated by: 
q = h (Tr - Tw).  The heat transfer coefficient h is 
obtained from the local skin-frictior coefficient through a 
modified Reynolds-analogy form and tne Stanton number defined 
by CH =  h . 

Ae J« LP 
d. At   time  t  +   At,   the  temperature of each  section 

was determined by  the  temperature of   the  ?djoinlng  sections 
at  time  t,   the heat entering the  section through its  lateral 
surfaces due   to  aerodynamic  heating,   and  the  heat capacity of 
the  section. 

kAi -H 

Figure A-l 

The heat input to the i  section oue to aerodynamic heating ist 

^cv'/i^P.As^lVTy •w 
th 

where:    A    =  surface area of the 1      section. 

(A-l) 
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The heat  trÄnsfwrred  into the 1      section by conduction iss 

AT 
^rn^-^mA 'CD m' •mA.g (A-2) 

th 

th 

where!   A    =  cross-sectional area of  front or back of i 
section 

AT =  temperature difference between center of i 

section  and center of I ♦ 1       section 

A § ~ distance between center of  sections 

The net heat  change  for the i      section can be expressed as: 

(A-3) 
qN = /?nV,CPmH 

where: V ■ volume of i  section m 
th AT :=  temperature change of  i       section during time   At. 

th 
The nftt heat  change  lor the i      section can also be expressed 
as: 

^Nr ^cv^cor^Di (A-4) 

Referring  tc equations  (A-l),   (A-2),   and  (A-3),  equation  (A-4) 
can be written as: 

^VrrCpJ-j^e^/sCHlTr-Tw) 

ATI 

k   A  41 ^m^m Ag 

*m ^nnA| J i - 

Solving th« above for   AT gives: 

m 
W, 

 LJStoi- 
Vmi  A§lTWi     TWi.(IJ (A-5) 

19 



NOLTR 61-83 

Hqudtion  lA-5)   will  give  the  temperature  rise  for the  i 
section during  d   time  interval   At. 

th 

2.     The   following  procedure   can be used   to  calculate   the 
temperature distribution  along  the cone as  a  function of 
time.    Consider  that  initially  (t  - o)   the  body  is at  a 
uniform  temperature.     For  the   first  increment of  time, 
equation   (A-b)   reduces  to: 

o Cp Ac 
^1   ;oVPv

uecHnr Tw)At 
(A-6) 

öince Cu, Ac H    5; 
and \l      are functions of § , equation (A-6) mi 

will  give  the  temperature distribution along  the body at  time 
t   ♦   At,   from  the   equation: 

TAT|  _ TWt --Of ATi (A-7) 

For all  time  after  t = A t.,   the  temperature  rise of  each 

section  is  given  by equation   (A-5). 

3. The shadowgraph pictures of the cone in flight were 
observed to determine where laminar and where turbulent 
values of CH  should  be used. 

4. The turbulent C^.  was calculated from the local  turbulent 

skin  friction coefficient Cf    by means of  the Reynolds  analogy 
form: t 

c   -^1- 
(A-8«) 

^d. was assumed  to be 0.325.    Z*    was   obtained by an iteration 

process from the  following equation (reference  (t)): 

C^^MJ)1^ ,5in'k+sin"^ = 0•4I +10910 (Ree Cft 

-Wlogoj^j (A-9a) 
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.Vhere; 

o< = ZAfzB 
jB?-»4A£ 21 1/2 

1_-J. 
_£_ M« 

t 

^ 

B 

£. 
IB^^A2)^ 

W/T0 
Tw/T. 

(i7-- 

,        r/Tw>l98.Gl   fjef^ 
lcgio[lTeH98.6i   iT^J    J 

logio(Te/Tw) 
Although »qu^tion (A-9a) applies to a flat plate, the heat 
transfer coefficient will equal the heat transfer coefficient 
on a cone at the same local Mach number and same ratio of wall 
to locdl free stream temperature if the Reynolds number is 
divided by two (reference (t)). 

5.  The laminar Cu was calculated from the local laminar 
Hl 

skin friction coefficient C{.   by means of the Reynolds analogy 
form: ^ 

c 
Cf, 

Hi 

^i was assumed to be 0.B25, 

(A-3b) 

;r was obtained from Figure 4 

of reference (u).  Since reference (u) applies to a flat plate, 
the Reynolds number must be divided by three (reference (t)) 
to make the results applicable to a cone. 
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